RESEARCH SUMMARY
Grasses, forbs . shrubs. and succulents (cacli) that desert tortoises (Gopherus agassizii) might eat were analyzed over the spring. summer. and fall seasons al two study areas in southweslern Ulah (City Cre ek near St. George and Woodbury -Hardy on the Beaver Dam Slope) and at one site in northweslern Arizona (near Litllefield). Earlier researchers suggested that lortoises were healthier at City Creek Ihan at Ihe other areas. especially Woodbury-Hardy.
Plant materials were analyzed for moisture content. nitrogen (tolal organic nitrogen; crude protein = 6.25 x total organic nitrogen). phosphorus. potassium. zin c. iron. manganese. copper, calcium. magnesium . sullur. sodium. ADF (acid detergent fibe". TNC (total nonstructural carbehydrates). and crude fat (ether extract) for a 3-year period . Plants from the three areas had similar values for most nutrients and minerals. but Littlefield plants had significantly (P < 0.05) higher values for potassium , copper, and fat . Some nutrition and mineral parameters were different for the six plant classes. annual and perennial grasses, annual and perennial forbs . shrubs. and succulents.
In general. when differences existed. annual forbs were higher in mineral and nutrient content than other plant classes. Plants with high moisture content were high for other measured parameters. Various parameters were correlated; potaSSium and nitrogen were highly correlated with the other variables. Plant mineral values did not generally track soil mineral values. Values of minerals and nutrients for beth plants and soils fell in normal ranges for semiarid conditions; however. sodium was low for beth soils and plants. Low sodium concentrations may contribute to health problems for desert tortoises. The mineral and nutrient content of cow excrement does not appear to make it a Quality food source for desert tortoises as has been recently suggested. fig. 1 ). The health of tortoises in these subpopulations apparently differs (Bostick 1990 ; Glenn and others 1990; Grover and DeFalco in press; Jarchow 1987) .
The City Creek subpopulation was deemed to be the healthiest, the Woodbury-Hardy subpopulation was deemed least healthy, and the Littlefield subpopulation was deemed intermediate, based on population density and structure, and carapace characteristics. The Woodbury-Hardy subpopulation has a high frequency of animals with bone deformations and thinning plastrons and carapaces (Jarchow 1987) .
This study was designed to evaluate the hypothesiB that nutritive quality and mineral content of potential desert tortoise food plants differed at the three areas, possibly contributing to the apparent health differences. A second hypothesis was that plant mineral content would be correlated with that of associated soil. Mineral nutrition has heen shown to be important in desert tortoise ecophysiology (Nagy and Medica 1986) . Information about the nutritive quality and mineral status ofthe plants should be useful for those concerned with the health and management of a wide range of herbivores.
MATERIALS AND METHODS
Eighteen plant species common to the three study areas form the core of this study (table 1) . These species were chosen based on three criteria: (1 ) annual and perennial plants were included; (2) grasses , forbs, shrubs, and succulents (cacti) were included; and (3) there was evidence that they were, for the most part, desert tortoise food plants (Coombs 1974; Hansen and others 1976; Hohman and Oh mart 1980; Woodbury and Hardy 1948) . A few additional species were sampled early or late in the study (for example, Abronia fragrans , Plantago patagonica , S chism us barbatus, and Sphaeralcea grossulariifolia) (table 1) . Hansen and others (1976) and Nagy and Medica (1986) have listed desert tortoise food plants from other areas. Alkr our study began, Esque and others (1991) and Esque (1992) documented the primary food plants (+, Indicates that a sample was taken, a minus 6ign (-) indicates no sample. The core species are those sampled every year. 'Introduced species.
in the Beaver Dam Slope and St. George are88, includ· ing most of the species that we 88mpled. Plants were coUected for analysis in the spring (April, May), sum· mer (June), and fall (Ocrober) from 1989 to 1991. The plants in table 1 were all collected in 2·day periods, stored in scaled plastic bags in ice chests for up to 36 hours, weighed, ovendried for 5 to 10 days (depend· ing on their succulence) at 40 to 50 ' C, reweighed, and ground to powder in a Wiley Mill using a I-millimeter ocreen. Additional plant samples (appendix A) collected during April 1990 were treated in the same manner; these samples were largely the same species 88 those of table I, but included a few additional species. In general, we collected leaves and associated small twigs 88 a single collection; in some cases we collected fruits , flowers, and stems separately (appendix B). Leav .. and small twigs are the plant parts most likely to be foraged by desert tortoises. Some current-se880n cow dung was collected. stored, and analyzed in the 88me manner as the plant material in light of the recent claim by Bostick (1990) that desert tortoises evolved and flourished 88 dung feeders.
The nutritive quality and mineral data for plant samples include moisture content, nitrogen (total organic nitrogen; crude protein ~ 6.25 x total organic nitrogen), ph08phonIs, potassium, zinc, iron, manganese, copper, calcium, magnesium, sulfur, sodium, acid detergent fiber (ADF), total nonstructural carbobydrates (TNC), and crude fat (ether extract). We use the terms nutritive quality and mineral content reaIizing the BBmpled minerals are nutrients for Most animals (Robbins 1983) . However, the nutritive requirements for desert tortoises are poorly known (Grover and DeFalco in pre88) . Except for moisture content, which W88 based on total fresh weight, data were collected on a dry weight basis. An analyses, except for moisture content. were performed in the Brigham Young Univer· sity Plant and Soil Analysis Laboratory. The methods used are found in Horowitz (1980) .xcept for TNC determination, which followed the procedures of Tiedemann and others (1984 ) . For the few samples with insufficie:lt material for all analyses, fat and occasionally other parameters were not determined. Moisture content could not be determined in 8 few samples because of drying problems.
Soil samples were also collected and analyzed. Six upland 88mples and six lowland samples collected from each of the three study areas were analyzed for pH, electrical conductivity (EC), sodium adsorption ratio (SAR), sand, silt, clay, calcium, magnesium, sodium, nitrogen, phosphorus, potassium, zinc, iron, and copper using the methods of Page (1982) . The analyses for calcium, magnesium, and sodium were for the water·soluble forms used in the SAR analysis. Soils of the study areaa have been c1888ified as Winkel-Rock land, Pintura-'l'oquerville·Dune land, Cave, and Rock Outcrop-Reck land 888ociations (Mortensen and others 1977) . These are shallow, gravelly, fine sandy loams (Winkle-Rock and Cave), deep loamy fine sands and fine sands (Pintura-Toquerville-Dune), and shallow soils over bedrock (Rock Outcrop-Rock). The City Creek site includes Winkel-Rock, Pintura-Toquerville· Dune, and Rock Outcrop-Rock soil associations. The Woodbury-Hardy and Littlefield sites have Cave and Rock Outcrop-Rock soil associations (Mortensen and others 1977) . The rocky soil associations in our study areas were sandy.
Statistical analyses. including analysis of variance, Tukey means comparison tests, I tests, and correlation coefficients, were performed using SAS (1985) . Data are presented proportionally, in percent, for all parameters except zinc, iron, manganese, and copper, which are given in parts per million (ppm). Differences were considered significant at the P < 0.05 level, but actual significance probability values are presented in some cases. All proportional data were arcsine trans fanned for analyses; they have bee n converted to real values for present.ation here. In comparing cured (quiescent) and green (growing) samples, those with moisture contcntofO.23 or greater were considered "green" and those with moisture content less than 0.23 were considered "cured"; 0.23 is the arcsine transfer value of 0.50. This was an arbitrary value that effectively sepa· rated green plant tissue (which fell above the value) and cured plant material (which rell below the value). ClimB·tic data are from National Oceanic and Atmospheric Administration (NOAA 1988-91 ) . Botanical nomenclature follows Welsh and others (1987) and Baird (1990) .
This study is part of a larger project designed to aS88Y habitst and biological characteristics of desert tortoises at the northern extent of their distribution (Esque and others 1991; McArthur and Sanderson 1992a,b) .
RESULTS
The appendixes list the species, times of collection, and seasonal means with significant differences for those species collected intensively for such comparisons. Table 2 lists mean values of all nutrients and min· erals by location. These values are in the normal range for semiarid sites for most parameters (Jones and Hanson 1985; Kincaid 1988; Miller and Ramsey 1988; Rains 1976) . However, the level for sodium is abnonnally low, the levels for sulfur and iron are low, and the level for phosphorus is in the low end of the normal range. Kincaid (1988) magnesium, sulfur, and sodium are essentially stable; however, iron increases in forbs and succulents, calcium increases in succulents, magnesium increases in perennial forbs, and sodium decreases in perennial grasses. The TNC trends down seasonally in every case, but 8ignificantly 80 only for perennial forbs. The ADF increases seasonally, significantly so except for annual forbs and succulenla.
The five perennial grasses included in our study differ in moisture content, potassium, iron, manga· nese, calcium, magnesium, sulfur, sodium, and ADF but not in nitrogen, phosphorus, zinc, copper, TNC, and fat (table 6) . Arislida purpurea is low in potassi um, calcium, magnesium, and sulfur and high in iron and ADF. Erioneuron pilosum is low in moisture content and potassium and high in iron, manganese, 'TOIII_r"~aI ...
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Tittle ~Perennial grass species: nutrient and mineral values with stgnilicant differences for study areas. DifferentleHers in the same row indicate a significant difference In mean value 'Total nonstructural carbohydrates. Figure 2 illustrates the correlation many of the measured parameters had with one another. The moet tightly correlated parameters included potassium (13 significant correlations out of 14 po88ible), nitrogen and ADF (11 each), zinc and manganese (9 each), and phosphoru., copper, and fat (8 each). The leaat tightly correlated parameters included moisture content (2), TNC (3), and calcium and sodium (5 each). The average number of significant correlations for each parameter wa. 7.53. Analysis of soil characteristics detected no significant differences between upper and lower collection sites at the three study a,ea •. When the different study areas were compared (table 11), significant differences among the areas were pH (lower at City Creek), so· dium (higher at City Creek, lower at Woodbury·Hardy), SAR (higher at City Creek), and nitrogen (lower at Littlefield). The SAR was very low at all study areas and therefore would not affect pH values to any great extent; ordinarily, it would be inconsistent to have the r -------. ---------------- FIgure 2-Signiflcant correlations (P < 0.05) among minerals and nutrients in plant samples (n -602 except lor comparisons with lat where n _ 522). 'Indicates signifocant correlations.
highest SAR and lowest pH on the same sitee in comparisons like ours. Woodbury-Hardy. The slightly elevated values for Littlefield may relate to slightly better weather conditions (see next section) during the period of study. Soil mineral content is not higher at Littlefield (table 12) . In fact, soil characteristics measured in our study are quite similar among the areas; when City Creek is compared to the other areas, it is high in sodium and SAR but low in pH; City Creek and Woodbury-Hardy are high in nitrogen. Our 3-year study could not support the hypothesis that nutrient and mineral content were more favorable for the apparently healthier desert tortoise subpopulation at City Creek.
Weather and Water
The higher nutrient and mineral values for Littlefield may well be associated with a higher moisture content (table 2) . Moisture input at oar study sites is sporadic, in common with the Mojave environment in general (McArthur and Sanderson 1992a) . No data are available to document that the Littlefield area received more moisture than the others; however, more sampling was associeted with arroyoe there and at Woodbury-Hardy than et City Creek. Sporadic storms could have favored Littlefield over the other areas. Both Woodbury-Hardy and LiUlefield are on the Beaver Dam Slope. Figure 3 shows that, during the study period, the Lytle Ranch climatic station on Beaver Dam Wash had B more fBvorable moisture regime than did the St. George climatic station near City Creek.
Plants with higher moisture content were also higher in nutritive quality and mineral content on a dryweight basis when all plants were considered ( differences of plants among the study areas were more pronounced when only green plants were considered (table 8). Our data confirm that moisture content is important to plant nutrient and mineral content (Black 1968) . Moisture content was highest in the spring for all plant life forms except succulents (table 5), significantly SD for annual and ,erennial grasses, perennial forbs, and shrubs. On an individual species basis, spring moisture content was significantly higher for 10 of the 20 species of appendix B (omitting from consideration the special flower, fruit, and leaf collections). For individual species and for plant life forms, spring was also the season of highest content for several other nutrients and minerals. For the plant life forms shrubs and succulents, nitrogen, phosphorus, potassium, and zinc were all highest and ADF was lowest in spring (table 5) . For individual species (appendix B), spring values were significantly higher than at least one of the other seasons for potassium (10 of20 species, excluding the special parta collections), nitrogen and phosphorus (9 species), zinc (5 species), sodium (2 species), and manganese, sulfur, and TNC (1 species).
In general, values for all measured parameters decrease from a spring high through summer and fall (increasing ADF represents declining quality). There are, however, exceptions for individual species (appendix B). For Bromus rubens, new plants in the fall cause moisture content to rebound. For Krameria parvifolia. calcium, magnesium, and sodium are high in the fall. Desert tortoise activity is controlled by moisture and heat so these animals are generally active in foraging and drinking in the spring and fall when food and habitat conditions are best for them (Nagy and Medica 1986; Woodbury and Hardy 1948) . They seek shelter underground and become inactive during winter cold and summer heat and drought.
Plant Mineral and Nutrient Parameters
Our discussion is limited to the growing season when desert tortoises may be feeding on the plants we studied. We recognize that these plants have other ecosystem values, such as providing fcod and habitat for other animals. For discussion of winter values of vanous plant classes and some individual species, please see Tueller (1979) and Welch (1989) and the references they cite. The values obtained in this study seem to be within the normal range for plants growing in semiarid sites (Krausman and others 1990; Seegmiller and others 1990~. As figure 2 illustrates, the elements sampled often covary. Potassium, for example, is significantly correlated with the content of all 10 other elements, manganese with al1 but sodium and sulfur, nitrogen with all but calcium and magnesium , and copper with all but calcium, sodium, and sulfur.
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The very low sodium values for both the soils and plants of our study deserve comment. The soil values for sodium are for water soluble sodium only; even so, the values are low. The sandy nature of our study sites (table 11) no doubt contributed to these low values. The plant sodium values are low but not unprecedented for semiarid sites (Jones and Hanson 1985; Kincaid 1988) .
The various mineral and nutrient values were often significantly different among plant classes (table 4) . During the sampling seasons of our study it would seem that forage from a mixture of plant lit'e forms would be desirable for foraging animals. Water content is highest in suocuJents (cacti), also high in perennial and annual forbs and shrubs, and low in annual and perennial grasses. Grasses dry out through the summer and fall. Annual forbs tend to disappear after the spring season unless new cohorts are stimuJated by precipitation. Nitrogen (protein) is higher in shrubs, annual and perennial forbs, and annual grasses than it is in perennial grasses and succulents. Phosphorus, zinc, and iron are highest in annual forbs; values are high in perennial forbs as well and in shrubs (phosphorus), succulents (zinc), and annual grasses (iron). Potassium i. highest in succulents; values are also high in perennial forbs and shrubs. Manganese and calcium are highest in succulents and annual forbs. Copper is highest in annual forbs and annual grasses. Magnesium is highest in succulenta and shrubs. Sulfur is highest in shrubs but is also high in perennial and annual forbs. Sodium is highest in perennial forbs. The ADF is lowest in suocuJents and highest in perennial grasses. Fat is highest in shrubs and perennial forbs.
Some plants in our study deserve special comment. The introduced annuals, Bromus rubens, Schismus barbatus, and Erodium cicutarium, are by far the most common and readily available herbaceous plants in the study areas (Baird 1990; Esque and others 1991; McArthur and Sanderson 1992a) . These plants are also common desert tortoise foods in the study areas under present conditions (Esque and others 1991; Woodbury and Hardy 1948) . Schismus barbatus is exceptionally high in TNC (13.64 pen:ent) and E . cicu-/arium is high in nitrogen (2.03 percent N = 12.69 pen:ent protein), potassium (1.76 percent), and TNC (8.96 percent) (appendix B). Other species with notably high values for mineral and nutrient parameters include PlantfJ80 patagonica (calcium and TNC), Baileya multiradiata (calcium), Eriogonum in/latum (potassium), Atriplex canescens (nitrogen, potassium, calcium, and low ADF), Ceratoides lanata (nitrogen and potassium), Hymenoclea salsola (nitrogen, fat and low ADF), Eriogonum fasciculatum and Krameria parvifolia (TNC), and Opuntia basilaris and O. erinacea (water content, potassium, and calcium) (appendix B).
Tible 13-The species with the highest and lowest mean values for 13 minerals and nutrients (from appendix 8) except"""" v.,''' (high or _) Table 13 shows the species with the highest and lowest mean values for 13 minerals and nutrients.
Fat and protein (total organic nitrogen) had a significant (p < 0.05) positive correlation; protein and ADF, and TNC and ADF were negatively correlated. There were no significant correlations between protein and TNC or fat and ADF ( fig. 2; appendix B) . For four species we sampled different plant parts (appendix B). The regular samples for Eriogonum inf/atum consisted ofteaves and s:nall twigs; separate collections were made for flowers and flowering stems, for large flowering stalks, and for smaD inflorescences and flowers. Leaves and twigs were higher in many measured parameters than the large flowering stalks. Thoee parameters include moisture content, nitrogen, phosphorus, potassium, iron, mq,nganese, calcium, magnesium, and TNei ADF was lower. Flowers and flowering stems were lower than the large flowering stalks in potassium, calcium, and (especially during the spring) sodium.
We sampled Sphcura/cea ambigua flowers and flowering stems, as well as leaves and twigs. Flowers and flowering stems were higher in nitrogen, phosphorus, potassium, zinc, iron, copper, and calcium than were leaves and twigs. We sampled flowers and fruits of Ceratoides lanata as well as leaves. The two kinds of samples differed little, but potassium was up slightly for the samples of flowers and fruit; water content, calcium, and TNC were down slightly. We sampled fruits as well as the pads ofOpuntia basilaris . The fruits were lower than the pads in respect to moisture content, calcium, and magnesium , but were higher in nitrogen, ph08phorus, potassium, and fat.
These samples of separate plant parts suggest some differences, usually not dramatic, for the measured 13 parameters. Our regular samples were ofteaves and closely attached stems-the material most likely to be foraged. One spring during the courae of our collections we saw a large desert tortoise with its beak stained purple from the Krameria flowers it had eaten.
Tortoises, like other herbivores, can be selective in eating plant parts. On another occasion, we noted a tortoise in a patch of Erodium. This tortoise voraciousiy consumed several whole Erodium planta. Esque and others (1991) have meticulously documented feeding preferences and habits of tortoises at City Creek and Littlefield. They found that tortoises fed mostly (up to 80 pen:ent) on the plentiful ephemerals, Bromus, Erodium, and &hismus, but that they also consumed a wide array of grasses, forbs, and shrubs. Perhaps desert tortoises fare well on exotic plants as does the Townsend's ground squirrel (Sperophilus townsendii) in southwestern Idaho (Yensen and Quinney 1992) . Woodbury and Hardy (1948) and Hansen and others (1976) suggested that the desert tortoise's preferTed foods were perennial grasses, especially Muhknbergia porleri. Our analyses do not show a nutritional advantage for perennial grasses; rather annual grasses, annual forbs, and shrubs appear better when nitrogen, phosphorus, and TNC are considered (table 4). Succulents have favorable moisture content, potassium, calcium, magnesium, and ADF. Perennial grasses do hove the advantage of consistent production. Among the perennial grasses we studied, nutrient and mineraI values were quite similar. However, high values for the following parameters are of note: moisture content (Hilaria rigida und Muhlenbergia porteri), potassium (Stipa hymenoides, Hilaria rigida , and Muhlenbe'1fia porleri), iron (ErioTUJuron pilosum and Aristida purpurea), manganese, magnesium, and sodium (Erion.euron pilosum and Hilaria rigida), calcium (Stipa hymenoides and Hilaria rigida), and sulfur (Stipa hymenoides) (table 6). Low values of ADF were found in Stipa hymenoichs and Hilaria rigida . Harper and Pendleton (1993) recently presented data indicating that cryptobiotic crusts enhance the nutrient and mineral status of plants in desert habitats. They suggested that the assoeiated animals, including desert tortoises, may benefit from the cryptobiotic crust nutrie nt input. We did not examine this as pect but did note that cryptogams are present at our study sites (McArthur and Sanderson 1992a) . Bostick (1990) suggested that desert tortoises evolved 88 dung eaters, presenting anecdotal evidence that cow excrement was 8 useful food for tortoises. Our data included only current-year cow excrement (n = 11 from 2 years, three seasons, and two Beaver Dam Slope sites). Cow excrement ranked 21st, last, for several important parameters when compared to the 20 species in appendix B. These were for moisture content (14.00 percent, cow excrement dries ou t quickly), p0-tassium (0.28 per",nt), TNC (5.15 percent), and fat (3.87 percent). Cow excrement ranked first in ADF (51.48 percent), a negative food quality characteristic. Cow excrement ranked 12th for nitrogen (1.53 percent = 9.56 percent protein), ahead of perennial grasses and cacti, but behind most other species. Cowexcrement generally retained or concentrated high levels of minerals: phosphorus (first, 0.23 percent), zinc (first, 30 ppm), iron (first, 3,400 ppm ), manganese (first, 150 ppm), copper (first, 10 ppm), calcium (third, 3.37 percent), sodium (third, 0.037 percent), magnesium (fourth, 0.59 percent), and sulfur (fifth , 0.45 percent).
On the whole, our data do not demonstrate that cow excrement is a quality food source. We question Bostick's (1990) thesis that desert tortoises evolved as dung eaters. [t is, however, beyond question that tortoises ingest a diverse array of ite ms, including in sects, soil, bones, fea thers, and excrement (Esque and others 1991; Hansen and others 1976) .
The data presented here can be compared with other minera1 and nutrient data for p1ants in semiarid envi. ronments and can be extrapo1ated to determine the adequacy of diets of desert tortoises and other herbivores to the extent requirements for those animals are known (Cook and Harris 1950; Dietz and others 1962; Nagy and Medica 1986; National Academy of Sciences 1975 , 1984 
